The environmental profile of goods and services that satisfy our individual and societal needs is shaped by design activities. Substantial evidence suggests that current patterns of human activity on a global scale are not following a sustainable path. Necessary changes to achieve a more sustainable system will require that environmental issues be more effectively addressed in design. But at present much confusion surrounds the incorporation of environmental objectives into the design process.
the applicability of life cycle design and other design approaches to sustainable development. For example, lack of environmental data and simple, effective evaluation tools are major barriers. Despite these problems, companies are beginning to pursue aspects of life cycle design. The future of life cycle design and sustainable development depends on education, government policy and regulations, and industry leadership but fundamental changes in societal values and behavior will ultimately determine the fate of the planet's life support system. Sustainable development seeks to meet current needs of society without compromising the ability of future generations to satisfy their own needs. We define sustainable development as a dynamic state that harmonizes economic activities with ecological processes. Our industrial society is not yet on a path towards sustainabi1ity.l-3 The global model developed by Meadows (1992) simulates future outcomes of the world economy by analyzing five primary factors: population, industrial capital, food production, resource consumption, and pollution. This model predicts that major changes in the way humans interact with the natural world will be necessary to achieve a sustainable economy. Although other global economic models envision essentially no limits on growth and rising standards of living: it seems more likely that sustainable development will require a reduction in population along with significant changes in patterns of con~umption5.~ and economic systems. Evidence suggests that conflicts and economic disruptions have already resulted from maldistribution and depletion of otherwise renewable resources. ' It may be relatively easy to envision sustainable development but it is much more difficult to change the political, economic, technological, social, and behavioral forces that define our present unsustainable activities. Because the state of the environment is now so influenced by the composite of individual human behaviors and values, preserving the planet's life support system for ourselves and future generations requires the broadest, most fundamental changes. Clearly, no single discipline or set of actions can hope to achieve sustainable development in isolation.
The complexity of issues influencing sustainability can be shown through organizational hierarchies for several critical systems. Table I shows organizational hierarchies for three types of systems that provide a boundary for human activities. The web of interactions and links between economic and ecological systems determines the sustainability of human activities. The new field of industrial ecology9-1 studies how economic and ecological systems shape and influence each other. At present, most design initiatives for achieving sustainable development concentrate on the product system, which is the most basic link between societal needs and the global ecosystem.
Attempts to foster sustainability through design are in an embryonic state. Most current design methods do not explicitly AIR i 3 WASTE Vol. 44 May 1994 645 address environmental issues.
Not surprisingly, confusion frequently surrounds the design of cleaner products and processes. Products have been labeled clean, earth friendly, green, ozone friendly. recyclable, or biodegradable, even though their impact on the environment may be undocumented or unproven. Such green marketing campaigns have resulted in guidelines and regulatory responses to prevent misleading environmental claims. 1 3~1~ Although public concern for the environment has now been targeted and the level of environmental awareness possibly raised, an effective design response remains the challenge.
Sustainability through design requires integrating environmental issues into a product development process that must also meet many other demands, such as global competitiveness, shortened development cycles, and high quality at least cost. Initiatives now attempting to provide guidance to designers include life cycle design (LCD), design for environment ( D E ) , and ecodesign. These initiatives are all based on the life cycle framework, which considers the full environmental consequences of a product from raw materials acquisition through manufacturing and use to final disposal of wastes.
This review focuses on integrating environmental issues into product development. It will address durable and nondurable goods rather than architectural or graphic design, although many of the same principles apply to all disciplines. We begin with an overview of the major environmental issues that provide the context for design approaches to sustainable development. This subject is often confused because boundaries of the system under design and goals for product development are not clearly defined.
To clarify this issue, we introduce a definition for the product system and present specific goals for life cycle design.
Because life cycle design is adauntingly large, rapidly expanding subject, we only attempt to highlight major principles and state-of-the-art approaches. We have chosen to use the life cycle design framework recently developed for the EPA15 as a structure Table I . Various 
organizational hierarchies.(aft-8)
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Polltical for discussing the design process, design strategies, and evaluation tools.
Overview of Environmental Problems
Tangible environmental degradation underlies the growing interest in sustainable development and life cycle design. The material demands of our current society inevitably cause environmental stresses that damage our planet's life support system. In attempting to evaluate the state of the environment, it is useful to examine trends in resource use and waste generation.
Resource Consumption and Depletion
Environmental damage caused by human activity begins with consumption of renewable and nonrenewable resources. Renewable resources are capable of being replenished quickly enough to meet near-term demand. At present, renewable resources such as water, forests, and soil are being heavily exp1oited.l resulting in a significant loss of biodiversity. The manner in which these renewable resources are used and managed also determines the level of their sustainability. Overuse can damage ecosystem structure and function, thereby lowering future sustainable yields. Thus, although a resource can appear renewable at current usage, exploitation at the same rate may not be possible for long due to impacts that affect both the resource itself and related ecosystem elements. Increasing consumption of nonsustainable resources seems more obviously self limiting. Energy, now derived primarily from fossil fuels, is one of the most critical needs of our industrialized society and also a prime example of human reliance on nonrenewable resources. The world now depends on fossil fuels for 88 percent of all purchased energy.16 Table I1 shows the annual rate at which different energy supplies are consumed.
Increasing world energy use is presented in Figure 1 . This figure includes a plot of the expanding world population, showing that as population increased 3.5 total power use, including traditional biomass fuels such as wood, crop wastes, and dung. Fossil fuel use actually rose by a factor of 20 in the last 100 years. Although only about 23% of world population are citizens of the developed world, they account for two-thirds of total energy demand. Thus people in the developed world consume 6.8 times more energy per capita than citizens in less developed countries.17 Each year 500 million vehicles consume half of the world's oil or 19 percent of total energy demand.18 Industrial processes consume another 40 percent of energy demand each year in the developed world. 19 Energy seems relatively abundant in the short term, but our heavy reliance on non-renewable fossil fuel sources and the continued exponential increase in demand as developing countries become more industrialized suggest that future sources and pattems of use must change substantially.
Pollution and Waste Generation
In addition to problems created by depletion, resource and energy use ultimately produce residuals that create significant environmental impacts. Many residuals are temporarily concentrated in landfills, while others are immediately dispersed throughout the ecosphere. A comparison of anthropogenic and natural fluxes of toxic metals on a global scale provides one example of the environmental problems created by human activity. Human actions dramatically increase the dispersion of these toxic meta l s~. 21 Widespread accumulation of toxic metals in the biosphere is generally harmful, and thus not compatible with sustainable human practices. 22 The implication for *?
toxic metal production -substantial reduction in mining virgin ores, and virtual elimination oftheir releases as residuals. applies to other hazardous and toxic materials if humans are to achieve a sustainable society.
Dispersing pollutants into the environment may cause irreparable damage. For example, fossil fuel combustion releases greenhouse gases that can lead to global warming. Fossil fuel combustion accounts for approximately 70% of greenhouse gas emissions from human activity.zi Using one index of greenhouse gas loading. the United States, former Soviet Union, Brazil, China, India, and Japan account for 50% of global increases in greenhouse gases each year.?' Although the severity and distribution of potential climate change is as yet unknown, it already appears that average global temperature will rise from 1.5 to 2.5 degrees Celsius in the next 60 to 100 years. 25 This could cause major human and ecological dislocations. 16 Given current practices, it will be difficult to avoid the consequences of climate change. Just to stabilize atmospheric concentrations of greenhouse gases at current levels, emissions of many species will have to be reduced by about 80 percent. 23 . 27 Other environmental consequences of human activity, such as ozone depletion, can also affect the entire planet. A global perspective is necessary to understand these broad environmental issues, but local and regional problems should also be considered when evaluating sustainability. Local issues often dominate the environmental agenda because they seemingly affect individual lives more directly, even though greater benefits might be achieved by addressing problems that exist on regional and global scales.
In the United States and other countries, municipal solid waste (MSW) generation reflects increasing resource consumption. In 1960 the United States generated 2.65 pounds of MSW per person per day. This compares to the nearly 4 pounds per person generated daily in 1988. By 2010, per capita daily generation is expected to reach 4.9 pounds. 28 .29 As Figure 2 shows, both gross and net discards have been trending upwards recently. Even after material recovery, net discards nearly doubled between 1960 and 1988. Consumer products account for a significant fraction of MSW, but industrial production generates the vast majority of this nation's solid and hazardous waste. Each year, U.S. industries produce 10.9 billion tons of nonhazardous waste reported under the solid waste management provisions of the Resource Conservation and Recovery Act (although classified as solid, wastewater accounts for 70 percent of this t o t a l p US industries also generate 700 million tons of hazardous waste annually. 30 Once designers recognize that environmental problems need to be addressed in their work, establishing priorities can help concentrate efforts on the most critical areas. The following priorities
Energy Use / 12 -10 ; Items within the three groups are ranked alphabetically, not by priority. The EPA undertook this study to target environmental protection efforts on the basis of opportunities for the greatest risk reduction. In developing the hierarchy, EPA considered reducing ecological risk as important as reducing human health risk. Of course, many human act,ions are interrelated and produce multiple consequences, so assigning environmental priority to specific actions will be complex. Furthermore, it is difficult to apply such global rankings to design of a discrete product. For example, companies are much more likely to focus on reducing toxic releases, especially those that are regulated, rather than reduce releases of greenhouse gases such as carbon dioxide.
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System Definition
Defining the system is fundamental to any design activity. The definition of the product system begins with a clear statement of the basic societal needs bding met by the design. In the project initiation stage, design teams determine the scope of their activity but frequently do not explicitly state the spatial and temporal boundaries of the proposed design. In life cycle design, boundaries should usually be determined by the full environmental consequences arising from aproduct system. The physical dimen- Gross discards Net Discards'
-------. sions of the system encompass the material and energy flows and transformations associated with an entire product life cycle. In the process of defining boundaries for a design project, the various groups potentially impacted by the design should also be identified. The product life cycle provides a logical framework for sustainable design because it considers the full range of environmental consequences and other stakeholder interests associated with a product. By addressing a life cycle system, designers can help prevent shifting impacts between media (air, water, land) and between other life cycle stages. This framework also includes stakeholders (e.g., suppliers, manufacturers, consumershsers, resource recovery and waste managers), whose involvement is critical to successful design improvement. The life cycle system is complex due to its dynamic nature and its geographic scope. Life cycle activities may be widely distributedover the planet, and they may also create environmental consequences on global, regional, and local levels.
Life Cycle Stages
Several diagrams have been proposed to represent the product life cycle. 15 32 35 Figure 3 is a general diagram which shows the circular nature of material and energy flows through a product life cycle. On an elementary level, every product requires that resources be consumed and wastes generated which accumulate in the earth and biosphere. A product life cycle can be organized into the following stages: raw material acquisition bulk material processing engineered and specialty materials production manufacturing and assembly use and service retirement disposal Raw materials acquisition includes mining nonrenewable material and harvesting biomass. These bulk materials are processed into base materials by separation and purification. Examples include flour milling and converting bauxite to aluminum. Some base materials are combined through physical and chemical means into engineered and specialty materials. Examples include polymerization of ethylene into polyethylene pellets and the production of high-strength steel. Base and engineered materials are then manufactured through various fabrication steps, and parts are assembled into a final product.
Products sold to customers are consumed or used for one or more functions. Throughout their use, products and processing equipment may be serviced to repair defects or maintain performanct. Users eventually decide to retire a product. After retirement, a product can be reused or re-manufactured. Material and energy can also be recovered through recycling, composting, incineration, or pyrolysis.
Some residuals generated in all stages are released directly into the environment. Emissions from automobiles, wastewater discharges from some processes, and oil spills are examples of direct releases. Residuals may also undergo physical, chemical or biological treatment. Treatment processes are usually designed to reduce volume and toxicity of waste. The remaining residuals, including those resulting from treatment, are then typically disposed in landfills. The ultimate form of residuals depends on how they degrade after release.
Product System Components
A product system is characterized by both a physical flux of material and energy as well as a flux of information across each stage of the life cycle.15 36 37 The entire system can be organized into four basic components: product, process, distribution and management. As much as possible, life cycle design seeks to integrate these components. Figure 4 gives a limited example of elements in the product system of a plastic cup over its life cycle. Although far from complete, this simplified example illustrates how components are defined across the life cycle.
Product. The product component consists of all materials constituting the final product and includes all forms of those materials in each stage of the life cycle. For example, the product component for the plastic cup shown in figure 4 consists of petroleum or natural gas from raw material acquisition; the high density polyethylene (HDPE) pellets, stabilizers, and pigments that are molded into cups; and the discarded cup or residuals from recycling in a municipal solid waste landfill. Gases, water vapor, ash, and other substances related to pigments and stabilizers are produced if the retired cup is incinerated.
The product components of a complex commodity such as an automobile consists of a wide range of materials and parts. These may be a mix of primary (virgin) and secondary (recycled) materials. The materials invested in new or used replacement parts are also included in the product component.
The remaining three components of the product system, process, distribution and management, each share the following subcomponents:
Facility or plant Unit operations or process steps Distribution. Distribution consists of packaging systems and transportation networks used to contain, protect, and transport products and process materials. Both packaging and transportation result in significant environmental impacts. Packaging accounted for 3 1.6 percent of municipal solid waste generated in the US in 1988. 29 Material transfer devices such as pumps and valves, carts and wagons, and material handling equipment (forklifts, crib towers, etc.) are also part of the distribution component.
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Distribution is sometimes considered a life cycle stage (between manufacturing and use) but in the product system, distnbution links all stages. For example, materials and energy require transportation and containment to move between the extraction and bulk processing life cycle stages, just as products require the same to move between manufacturing and use, and then between the use and disposal stages. Thus the distribution component exists throughout the life cycle of a product.
Storage facilities such as vessels and warehouses are necessary for distribution and thus included in this component. In addition, both wholesale and retail merchandising is considered part of distribution.
Management. The management component includes the entire information network that supports decision making throughout the life cycle. Within a corporation, management responsibilities include administrative services, financial management, personnel, purchasing, marketing, customer services, legal services, and training and education programs.
Interconnected Product Systems
Each product system contains many product life cycles within it. The interconnected state of these systems complicates analysis but also offers opportunities for reducing environmental impact.
On the product system level, products are interconnected through material exchange or common processes activities. Figure 5 shows how product systems can be linked through recycling. This demonstrates the need for designers to address how product systems fit into a larger industrial web of highly integrated activities.
Goals for Sustainable Development
The fundamental goal of life cycle design is to promote sustainable development at the global, regional, and local levels. Principles for achieving sustainable development should include: sustainable resource use (conserve resources, minimize depletion of non-renewable resources, use sustainable practices for managing renewable resources ), maintenance of ecosystem structure and function, and environmental equity. These principles are interrelated and highly complementary..
Sustainable Resource Use
There could be no product development or economic activity of any kind without available resources. Except for solar energy, the supply of resources is finite. Efficient designs conserve resources while also reducing impacts caused by material extraction and related activities.
Depletion of nonrenewable resources and overuse of otherwise renewable resources limits their availability to future generations. At present, one fifth of the world population consumes nearly 80 percent of fossil fuel and metal resources; continuing this level of consumption in industrial nations while adopting them in developing countries is an unsustainable strategy.1 Yet, given recent history, impending resource depletion may not seem critical. In the past two hundred years, human activity in certain regions depleted economically exploitable reserves of several natural resources with critical applications at the time, such as certain woods for ship building, charcoal for steelmaking, and whale oil for lighting. When this happened, substitutes were found that often proved both cheaper and more suitable for advancing industries. However, it would be unwise to assume that infinite abundance will be characteristic of the future. It may be true that widespread, critical shortages have not yet developed in the very brief history of intensive human resource use, but the amount and availability of resources are ultimately determined by geological and energetic constraints, not human ingenuity.
Ecological Health
Maintaining healthy ecosystem structure and function is a principle element of sustainability. Because it is difficult to imagine how human health can be maintained in a degraded, unhealthy natural world, the issue of ecosystem health should be a more fundamental concern. Sustainability requires that the health of all diverse species as well as their interrelated ecological functions be maintained. As only one species in acomplex web of ecological interactions, humans cannot separate their success from that of the ovemding system.
Environmental Equity
The issue of environmental equity is as complex as the subject of sustainable development. A major challenge in sustainable development is achieving both intergenerational and intersocietal environmental equity. Over-consuming resources and polluting the planet in such a way that it enjoins future generations from access to reasonable comforts irresponsibly transfers problems to the future in exchange for short-term gain. Beyond this intergenerational conflict, enormous inequities in the distribution of resources continue to exist between developed and less-developed countries. Inequities also occur within national boundaries. Pollution and other impacts from production are also unevenly distributed. 38 Studies show that low-income communities in the United States are often exposed to higher health risks from industrial activities than are higher-income communities. regulations in the US have also led to different definitions of acceptable risk levels for workers and consumers."'
Specific Objectives of Life Cycle Design
Life cycle design applies sustainable development principles at the product system level. The environmental goal for life cycle design is to minimize the aggregate life cycle environmental burden associated with meeting societal demands for goods and services. One method for characterizing the aggregate impacts for each stage and the cumulative impacts for the entire life cycle is an environmental profile, such as that illustrated in Figure 6 . This figure shows a hypothetical impact profile because at present there is no universal method for characterizing environmental burden so precisely. As illustrated, impacts are generally not uniformly distributed across the life cycle. It is also important to recognize that human communities and ecosystems are also impacted by many other product life cycle systems.
Evolution of Life Cycle Design and Related Approaches
This section highlights the evolution of life cycle design and related design-based approaches for sustainable development. Major concepts introduced here will be elaborated later. Until recently, the life cycle framework has been much more widely associated with environmental assessment than design. Life cycle assessment ( L C A ) ,~J .~~. J~ resource and environmental profile analysis (REPA),J~ and ecobalance43.4 are all methods for evaluating the life cycle environmental consequences of a product from "cradle to grave." LCA and related approaches are evaluation tools, not design methods. There are thus quite distinct from life cycle design (LCD). Although LCA may be employed as an analysis tool in LCD, its application for this purpose is currently very limited. 4~ As early as 1962, Asimow developed a life cycle framework for engineering design in Introduction to Design.36 He organized a design project into seven phases consisting of primary design (I-111) and planning .for the "production-consumption cycle" (IV-VII), which included production, distribution, consumption, and recovery or disposal: In planning for retirement (phase VII), he introduced the following guidelines which have been adopted by most current environmental design programs:
Designing physical life to match anticipated service life.
Designing for several levels of use so that when service life at a higher level of use is terminated, the product will be adaptable to further use at a less demanding level. Design the product so that reusable materials and long-lived components can be recovered. Asimow explicitly stated the importance of "socio-ecological" systems on design and their interrelationship with the productionconsumption cycle. More recently, the importance of the product life cycle in design has gained broader recognition. 15 . 32.33.37.4652 Pollution prevention, with its emphasis on proactive environmental protection rather than end-of-pipe control and treatmentp provides a fundamental philosophy for life cycle design. Life cycle design adopts a similar multimedia approach and extends it over the entire life cycle to prevent shifting pollutants between media or life cycle stages.
In the past, product and process design have been treated as two separate functions in a linear design sequence; product design followed by process design. While environmental progress has been made in the last two decades through process design, product-oriented approaches to sustainable design are now receiving more attentiow' LCD seeks to integrate product and process design in a single function to more effectively reduce aggregate environmental impacts associated with product systems. This principle of LCD originates from concurrent design programs.
Design for Environment (DFE) is another widely used term for incorporating environmental issues into a concurrent design process. DFE has been defined as "a practice by which environmental considerations are integrated into product and process engineering design procedures."~s LCD and DFE are difficult to distinguis! from each other; they are usually considered different names for the same approach. Yet, despite their similargoals, the genesis of DFE is quite different from that of LCD. DFE evolved from the design for X (DFX) approach, where X can represent manufacturability, testability, reliability, or other downstream design considerations. 56 Allenby developed a DFE framework to address the entire product life cycle.55 AT&T has begun to implement DFE and LCD by developing guidelines, checklists, and requirements matricesp58 as discussed in detail later in this review.
Many other initiatives for reducing environmental impacts and conserving resources through design pursue a specific strategy. One widely explored approach focuses on product life extension, which includes appropriate durability, adaptability, reuse, and remanufacture. 48 .59-62 Product life extension is on top of the hierarchy of LCD strategies. Another single-strategy effort, design for recyclability, aims at closing the material life cycle loop.63-65 Although recycling can be an effective strategy, designers and the public may have overemphasized this approach rather than giving careful consideration to other means of designing more benign products.
Extended producer responsibility is a more general approach that promotes cleaner products by explicitly expanding the role of the producer beyond the manufacturing stage.% The recent adoption of total quality management (TQM) principles focused on customer satisfaction has also contributed to the development of LCD.67.68 This emphasis on the customer and multistakeholder participation has now evolved to include the environment. Rather than being driven by regulations, innovative companies are beginning to recognize the value of applying the life cycle framework to their operations as they adopt total quality environmental management programs.69 Such initiatives promote a sustainable economy and provide the necessary support for LCD.
A life cycle framework for design was investigated by the authors in a three-year project with the US EPA Risk Reduction Engineering Laboratory. This effort resulted in the publication of the EPA L$e Cycle Design Guidance Manual, which defined LCD as ,"systems-oriented approach for designing more ecologically and economically sustainable product systems which integrates environmental requirements into the earliest stages of design. In life cycle design, environmental, performance, cost, cultural, and legal requirements are balanced." In addition to this manual, other guidance documents are now available70.7l or are under development." A comprehensive survey of life cycle design issues in the international literature has also been prepared by van Weenen.)' In addition to these works, more general, philosophical publications that promote environmental design without offering specific frameworks or suggestions for implementation have also been written. 73-7s Preparing design guidelines is only the first step in encouraging widespread adoption of sustainable design practices. Such guidelines must be applied to actual design projects so their practicality can be assessed, and the suggested procedures improved through learning. Several industry, government, and university projects are now testing the feasibility of elements of LCD and other systems approaches for environmental design.76 MI
Life Cycle Design Framework
The life cycle design framework introduced rn Life Cycle Design Guidance Manirallr provides the template used in this paper for reviewing major concepts and approaches to LCD. Figure 7 demonstrates the complexity of integrating environmental issues into design. The goal of sustainable development is located at the top to indicate its fundamental importance. As the figure shows, both internal and external forces shape the creation, synthesis, and evaluation of a design.
External factors include government regulations and policy, market demand, infrastructure, state of the economy, state of the environment, scientific understanding of environmental risks, and public perception of these risks. Within a company, both organizational and operational changes must take place to effectively implement life cycle design.
Of the internal factors, management exerts a major influence on all phases of development. Both concurrent design and total quality management provide models for life cycle design. In addition, appropriate corporate policy, goals, performance measures, and resources are needed to support LCD projects.
Research and technology development uncover new approaches for reducing environmental impacts, while increased understanding of the state of the environment by the scientific community and the general public provides global, regional, and local priorities for environmental problems that can be addressed by design. In this way, current and future environmental needs are translated into appropriate designs. A typical design project begins with a needs analysis, then proceeds through formulating requirements, conceptual design, preliminary design, detailed design, and implementation. During the needs analysis or initiation phase, the purpose and scope of the project are defined, and customer needs are clearly identified.
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Needs are then expanded into a full set of design criteria that includes environmental requirements. Various strategies are explored to meet these requirements, which act as a lens for focusing knowledge and new ideas into a feasible solution. The development team continuously evaluates alternatives throughout the design process. Environmental analysis tools ranging from single environmental metrics to comprehensive life cycle assessments (LCA) may be used in addition to other analysis tools. Successful designs must ultimately balance environmental, performance, cost, cultural, and legal requirements.
Although this model is overly simple, it demonstrates essential elements and relationships in life cycle design. Many different connections and feedback mechanisms exist among the activities shown in Figure 7 . Design itself is an iterative process which includes multiple sequences of analysis, synthesis, and evaluation.
Environmental Management System and Design Management
Product development occurs within the broader corporate management structure. Increasingly, environmental stewardship issues are being addressed within corporations by formal environmental management systems.8182 A corporation's environmental management system supports environmental improvement through a number of key components including environmental policy and goals, performance measures, and a strategic plan. Ideally, the environmental management system is interwoven within the corporate structure and not treated as a separate function.82 Successful life cycle design projects require commitment from all employees and all levels of management.
Mission Sratement and Policy. Mission statements and policies containing environmental principles help to communicate the importance of environmental issues to internal and external stakeholders. A well-known example of this is the corporate gnvironmental policy developed by 3M in 1975. 83 This policy stated that 3M would prevent pollution at the source, develop products with minimal environmental effect, conserve resources, and assure that es and products meet all regulations while also assisting government agencies and others in their environmental activities. The Valdez principles, and the Responsible Care Program developed by the Chemical Manufacturers Association provide examples of how groups of companies or sectors may cooperate to develop environmental policies. Major elements of the Valdez principles pledge companies to: protect the biosphere through safeguarding habitats and preventing pollution, conserve nonrenewable resources and make sustainable use of renewable resources, reduce waste and follow responsible disposal methods, reduce health risks to workers and the community, disclose incidents that cause environmental harm, and make public the annual evaluations of progress toward implementing these principles.
Policies that support pollution prevention, resource conservation, and other life cycle principles foster life cycle design. However, such principles must be linked to guidelines and procedures at an operational level in order to be effective. Vague environmental policies may not result in much action on their own.
Strategic planning is essential to managing the complexity and dynamic nature of the life cycle system. This activity can seem overwhelming given the different time cycles affecting product system components. Time scales of different events that can influence design include:
Environmental Strategy and Goals.
Business cycle (recovery, inflation, recession) Product life cycle (R&D, production, termination, service) Educating and training employees in life cycle design Many companies are under pressure to shorten development times. This is due in part to competition to continuously bring new products to market. Strategic planning must balance these factors with the need to meet and even exceed life cycle goals.
Management should develop short and long term goals that are sufficiently detailed to guide design. Examples of well-defined environmental goals include reducing or phasing out the use of toxic chemicals within a specific time period, enhancing the energy efficiency of a product in use, and reducing packaging waste from suppliers to a specific level.
Environmental Pegormance Measures. The progress of design projects should be clearly assessed with appropriate measures to help members of the design team pursue environmental goals. Consistent prioritized measures of impact reduction in all phases of design provide valuable information for design analysis and decision making. It is important to establish measures that cover efficient resource use (materials andenergy utilization), and waste reduction (multi-media), as well as measures to assess human health and ecosystem sustainability. These last two measures are much more difficult to assess.
Companies may measure progress toward stated goals in several ways. Regardless of how progress is measured, life cycle design is likely to be more successful when environmental aspects are part of a firm's incentive and reward system. Even when life cycle design may cut short-term costs, enhance immediate performance, or increase annual profitability, a discrete measure of environmental responsibility should still be included when assessing an employee's performance. If companies claim to follow sound environmental policies, but never reward and promote people for reducing impacts, managers and workers will naturally focus on other areas of the business.
Management Information Systems and Communications. ACcess to reliable environmental data and information throughout the product development process is essential for achieving environmental improvements. Collecting, analyzing, and reporting/ disseminating information are critical functions of management information systems. A management information system should be capable of meeting all internal needs of the development team and external reporting/ permit requirements by the shareholders, the public, and regulators.
Concurrenr Design and Team Participation. Life cycle design is a logical extension of concurrent design, a procedure based on impacts technology design simultaneous design of product features and manufacturing processes. In contrast to projects that isolate design groups from each other, concurrent design brings participants together in a single team.86 By having all those responsible for separate stages or components of a product's life cycle participate in a project from the outset, problems that often develop between different disciplines can be reduced. Product quality can also be improved through such cooperation, while development time and costs can be reduced. Figure 8 depicts the various members of the design team that can participate in a development project.
Needs Analysis and Project Initiation
Ideas that lead to design projects come from many sources, including customer focus groups and research and development. In addition, environmental assessment of existing product systems may uncover opportunities for design improvement. In any case, the need which a design intends to fulfill must be clearly defined and the current options for meeting this need must be assessed. The basic needs of society have not changed; but the means for satisfying them have evolved, frequently in an unsustainable manner. Life cycle design projects should contribute to sustainable economies by pursuing the most sustainable pathways for addressing needs.
identifying Significant Needs and Responding to Market Demand
Surveys reveal a high degree of public awareness and concern for the environment. 87 . 88 The willingness to change behavior to reflect this concern, however, is less clear. When the Roper Organization conducted a poll in 1990 to determine how public environmental attitudes correlate with behavior, the actively concerned segment of the U.S. population was 11 percent rather than the 80 percent reported in the previously cited polls.8~ The segment of the population deemed actively concerned was nearly twice as high in Canada, demonstrating that cultural differences may play a major role in public response to environmentally responsible products.
Although there seems to be a positive correlation between informing the public of a discrete environmental problem and encouraging some form of appropriate behavior, there may be less correlation between general environmental concern and specific actions.w.91 Human behavioral response to potentially large-scale environmental changes, such as global warming or ozone depletion, still remains largely unknown, due in part to the uncertainty of scientific predictions concerning the magnitude and impact of such changes.92 In light of this, companies must make difficult choices about the types of needs they will address and how willing their customers are to purchase environmentally responsible products. Product development managers should first recognize that environmental burdens can be substantially reduced by ending production of environmentally harmful product lines for which more benign alternatives are available. 
Scope of Design Project
In addition to defining the project timeline and budget, the development team should define system boundaries. The ideal framework for design considers the full life cycle from raw material acquisition to the ultimate fate of residuals, but more restricted system boundaries may be justified by the development team in order to meet the demands of a particular product development cycle.
Beginning with the most comprehensive system, design and analysis can focus on the full life cycle, partial life cycle, or individual stages or activities. Choice of the full life cycle system generally provides the greatest opportunities for achieving the goals of sustainable development. In somecases, the development team may confine analysis to a partial life cycle consisting of several stages, or even a single stage: Stages can be omitted if they are static or not affected by a new design. As long as designers working on amore limited scale are sensitive to potential upstream and downstream effects, environmental goals can still be reached.
Even so, a more restricted scope will reduce possibilities for design improvement.
Evaluate Baseline and Benchmark Best in Class
Baseline analysis of existing products and benchmarking competitors may indicate opportunities for improving a product system's environmental performance.93 91 While companies have programs to compare their products' performance and cost against those of their competitors, environmental criteria are generally more difficult to benchmark. LCA can be used for comparative analysis intemally and externally, but this tool has several limitations, not the least of which is that benchmarking activities are influenced by available company resources. Regardless of methods chosen, the following basic guidelines apply^ plan and determine goals and scope of benchmarking study collect preliminary data select "best-in-class" ascertain data on best-in-class review and assess data in teams develop implementation plan assess program performance continuously Baseline analysis and benchmarking can be used to identify opportunities and vulnerabilities that will be addressed in the current design or used for strategic planning.
Design Requirements
Formulating requirements may well be the most critical phase of design$ Design initiatives such as quality function deployment (QFD)w 97 and total quality management (TQMp ~9 recognize the primacy ofcustomer needs, and thus increasingly focus on ensuring quality and value at the earliest stages of development. Through their emphasis on designing quality into products, rather than achieving it through later remediation, these programs prepared the way for LCD's focus on environmental requirements. Requirements define the expected outcome and are crucial for translating needs and environmental goals into an effective design solution. Design usually proceeds more efficiently when the solution is clearly bounded by well-considered requirements. In later phases of design, alternatives are evaluated on how well they meet requirements.
Incorporating environmental requirements into the earliest stage of design can reduce the need for later corrective action. This proactive approach enhances the likelihood of developing a lowerimpact product. Pollution control, liability, and remedial action :osts can be greatly reduced by developing environmental requirements that address the full life cycle at the outset of a project. Life cycle design also seeks to integrate environmental requirements with traditional performance, cost, cultural, and legal requirements. All requirements must be properly balanced in a successful product. A low-impact product that fails in the marketplace benefits no one.
Regardless of the project's nature, the expected design outcome should not be overly restricted or too broad. Requirements defined too narrowly eliminate attractive designs from the solution space. On the other hand, vague requirements (such as those arising from corporate environmental policies that are too broad to provide specific guidance), lead to misunderstandings between potential customers and designers while making the search process inefficient. 95 An estimated 70 percent of product system costs are fixed in the design stage. Activities through the requirements phase typically account for 10 to 15 percent of total product development costs,lMl yet decisions made at this point can determine 50 to 70 percent of costs for the entire project.im-i02
Different methods are available to assist the design team in establishing requirements,ll including requirements matrices and design checklists. Requirements can also be established by formal procedures such as the "house of quality" approach.103
Design Checklists
Checklists are usually a series of questions formulated to help designers be systematic and thorough when addressing design topics such as environmental issues. Proprietary checklists for DFE have been developed by AT&T which are similar to the Design for Manufacturability (DFM) checklists widely used by designers.58 For example, a Toxic Substance Inventory checklist is used to identify whether a product contains a select group of toxic metals. The Canadian Standards Association is currently developing a Design for the Environment (DFE) standard which includes checklists of critical environmental core principles.lw A series of yesho questions are being proposed for each major life cycle stage: raw materials acquisition, manufacturing, use, and waste management.
Environmental design checklists that accommodate quantitative, qualitative, and inferential information through different design stages have also been offered for consideration.72 In addition, Quakemaat and Weenklos propose management or design checklists based on "environmental merit," which is an assessment of the potential to reduce environmental burdens. Although their concept has not yet been well demonstrated, their checklist of environmental issues and parameters may be useful.
Checklists are not difficult to use but they must be compiled carefully without demanding excessive time from the designers to read.12 Checklists can also interfere with creativity because designers may rely on them exclusively to address environmental issues without considering which prompts in the lists are most appropriate for their specific project.
Requirements Matrix
Matdces allow product development teams to study the interactions between life cycle requirements. Figure 9 shows a multilayer matrix for developing requirements. The matrix for each type of requirement contains columns that represent life cycle stages. Rows of each matrix are formed by the product system components: product, process, distribution, and management. Each row is subdivided into inputs and outputs. Elements within the rows and columns can be described and tracked in as much detail as necessary.
There are no absolute rules for organizing matrices. Development teams should choose a format that is appropriate for their project. The requirements matrices shown in Figure 9 are strictly conceptual; in practice such matrices can be simplified to address requirements more broadly during the earliest stages of design, or each cell can be further subdivided to focus requirements in more depth. Forexample, the manufacturing stage could be subdivided into parts suppliers and the original equipment manufacturer, while the distribution component of this stage could be organized in further detail that includes receiving, shipping, and wholesale activities. Dividing the product system components into input., and outputs helps designers recognize physical flows through the system.. In this way, it might be easier to track material and energy inputsas well as various outputs in amore comprehensive manner.
Environmental Requirements
Environmental requirements should be developed to miniThe use of natural resources (particularly nonrenewables) Energy consumption Waste generation Threats to ecological health Human health and safety risks mize:
By translating these goals into clear functions, environmental requirements help identify and subsequently constrain environmental impacts and health risks. Table 111 lists issues that can help development teams define environmental requirements. Although these lists are not complete, they introduce many important topics. Depending on the project, teams may express these requirements quantitatively or qualitatively. For example, it might be useful to state a requirement that limits solid waste generation for the entire product life cycle to a specific weight.
In addition to criteria discovered in the needs analysis or benchmarking, government policies can also be used to set requirements. For example, the Integrated Solid Waste Management Plan developed by the EPA in 1989 targets municipal solid waste disposal for a 25 percent reduction by 1995. 1~ Other initiatives, such as the EPA's 33/50 program are aimed at reducing toxic releases to the environment. It may benefit companies to develop requirements that match the goals of these programs.
It can also be wise to set environmental requirements that exceed existing government statutes. Designs based on such proactive requirements offer many benefits. Major modifications dictated by regulation can be costly and time consuming. In addition. such changes may not be consistent with a firm's own development cycles, creating even more problems that could have been avoided.
Performance
Performance requirements define functions of the product ;ystem. Functional requirements range from size tolerances df )arts to time and motion specifications for equipment. Typical ability to protect passengers in a collision. Environmental requirements are closely linked and often constrained by performance requirements.
Product system performance is limited by technical factors. Practical performance limits are usually defined by best available technology, while absolute limits that products may strive to achieve are determined by thermodynamics or the laws of nature. In many cases, process design is constrained by existing facilities and equipment which can also limit product performance by restricting possible materials and features. When such limitations occur, the success of a major new design project may depend on upgrading or investing in new technology.
Although better performance may not always result in environmental gain, poor product and process performance usually results in more environmental impacts. Inadequate products are retired quickly in favor of more capable ones. Development programs that fail to produce products with superior performance, therefore contribute to excess waste generation and resource use.
cost '
Meeting all performance and environmental requirements does not ensure project success. Regardless of how environmentally responsible a product may be, many customers will choose another if it cannot be offered at a competitive price. In some cases, a premium can be charged for significantly superior environmental or functional performance, but such premiums are usually limited.
Modified accounting systems that fully reflect environmental costs and benefits07 108 are important to life cycle design. With more complete accounting, low-impact designs may show financial advantages. However, in many other cases it may be difficult to properly internalize environmental costs that competitors pass on to society.
Cost requirements should help designers add value to the product system. These requirements can be most useful when they include a time frame (such as total user costs from purchase until final retirement) and clearly state life cycle boundaries. Parties who will accrue these costs, such as suppliers, manufacturers, and customers should also be identified.
Cost requirements need to reflect market possibilities. Value can be conveyed to customers through estimates of a product's total cost over its expected useful life, such as DOE labels for energy use on appliances. Total customer costs include purchase price, consumables, service, and retirement costs. In this way, quality products are not always judged on least first cost, which addresses only the initial purchase price or financing charges.
Cultural
Cultural and aesthetic requirements define the shape, form, color, texture, and image that a product projects. Material selection, product finish, colors, and size are driven by consumer preferences. Demand for paint or pigment colors that rely on toxic heavy metals has direct environmental consequences. Chrome plating is another example of a process that is done almost solely for appearance, even though it results in significant environmental harm. In either case, changes in preference can lead to substantial environmental improvements. However, because customers usually do not know about the full environmental consequences of their cultural choices, creating pleasing, environmentally superior products is a major design challenge.
Cultural requirements may overlap with others. Convenience is usually considered part of performance, but it is strongly influenced by culture. In many cultures, convenience is deemed so important that it may directly conflict with environmental requirements for waste minimization or energy conservation. Local, state, and federal environmental, health, and safety regulations are mandatory requirements. Violation of these requirements leads to fines, revoked permits, criminal and civil prosecution, and other penalties. Long-term liabilities also result from the production, use, and ultimate disposal of certain toxic and hazardous materials.
A plethora of regulations apply to most product systems. Environmental professionals, health and safety staff, legal advisors, and government regulators can identify legal issues for life cycle design. Principal local, state, federal , and international regulations that apply to the product system provide a framework for legal requirements. Regulations can vary dramatically both in type and detail between thesejurisdictions, adding to the complexity of formulating legal requirements for products that will be sold on a global basis.
Whenever possible, legal requirements should take into account pending and proposed regulations that are likely to be enacted. Such forward thinking can prevent costly problems during manufacture or use while providing a competitive advantage.
Ranking and Weighing
Ranking and weighting distinguishes between critical and merely desirable requirements. An example of one useful classification scheme follows:
Must 
Design Strategies
Presented by themselves, strategies may seem to define the goals of a design project. But effective design relies on a synthesis of multiple strategies for translating requirements into solutions. Although it may be tempting to pursue an intriguing strategy for reducing environmental impacts at the outset of a project, deciding on a course of action before the destination is known can be an invitation to disaster. Strategies flow from requirements, not the reverse.
Appropnate strategies need to satisfy the entire set of design requirements, thus promoting integration of environmental requirements into de- Table IV . Most of these strategies reach acrosq product system boundaries; life extension, for example, can be applied to various elements in all four components. In most cases, a single strategy will not be best for meeting all environmental requirements. One strategy is even less likely to satisfy the full set of all requirements, so development teams will usually need to adopt a range of strategies. As an example, design responses to ,initiatives such as extended producer responsibility1 lo, I can usually best be expressed through a variety of strategies. Waste reduction, reuse, recycling, and aspects of product life extension may variously be employed to meet such challenges.
Several key strategies will now be outlined to illustrate how they may be used in LCD.
Product System Life Extension
In many cases, longer-lived products save resources and generate less waste, because fewer units are needed to satisfy the same needs.59 Such product life extension is one of the most direct ways to reduce environmental impacts associated with human activities. 48 Before pursuing this strategy, designers should understand Table IV shows, there are a variety of ways to extend the life of a product. Appropriate Durabilify. A durable product continues to satisfy customer needs over a long useful life by withstanding wear, stress, and environmental degradation, but durability should be enhanced only when appropriate. Designs that allow a product or component to last well beyond its expected useful life can be wasteful.
When market price is the major determinant of purchasing decisions, higher-quality durable products may encounter market resistance. In such cases, enhanced durability can be part of a broader strategy focused on leasing rather than direct sale to customers. Original equipment manufacturers who maintain ownership of their leased equipment benefit from enhancing the durability of key components, thereby reducing the need for replacement or repair. 113 Products based on rapidly changing technology may not always be proper candidates for enhanced durability. If a simple product will soon be obsolete, making it more durable could be wasteful. In complicated products subject to rapid change, adaptability is usually a better strategy.
Adupfubility. Adaptable designs either allow continual updating or they perform several different functions. Modular construction is usually the key to ensuring adaptability in products with many parts, because it allows fast-changing components to be easily upgraded without replacing the entire unit. In this manner, single-function products can evolve and improve as needed. Adaptable designs rely on interchangeable components. Interchangeability controls dimensions and tolerances of manufactured parts so that components can be replaced with minimal adjustments or on-site modifications.ll2 Thus, fittings, connectors, or information formats on upgrades are consistent with the original product. For example, an adaptable strategy followed by a European computer mainframe manufacturer featured a portable operating system that allowed previously incompatible software to be used by the same hardware. The system also featured a future performance guarantee made possible in part by the use of modular components which permit continual upgrading of peripheral equipment and user programs.! 1.1 Flexible manufacturing is another example of adaptable design.
Reliability. Areliable system accomplishes its design mission in the intended environment for a certain period of time. Unreliable products or processes, even if they are durable, may b9 retired prematurely because customers will not tolerate untrustworthy performance, inconvenience, and expense for long.
The number of components, the individual reliability of components, and configuration are important aspects of reliability. Parts reduction and simplified design can increase both reliability and manufacturability, Which in turn help reduce resource use and waste. In life cycle design, reliability is designed into products rather than achieved through later inspection. Screening out potentially unreliable products after they are made is wasteful because such products must either be repaired or discarded. In both cases, environmental impacts and costs increase. Serviceability. A serviceable system can be adjusted for optimum performance under controlled conditions. Many complex products designed to have a long useful life require service and support. When designing serviceable products, development teams should consider whether original equipment manufacturers, dealers. private business, customers, or various combinations of these groups will be servicing the product. Types of tools and the level of expertise needed to perform tasks strongly influences who is capable of providing service. In any case, simple procedures are an advantage. Design teams should also recognize that equipment and an inventory of parts are a necessary investment for any service network.
Service activities may be broken into two major categories: maintainability and repairability. Maintenance includes periodic, preventative, and minor corrective actions. The relative difficulty or time required to support a certain level of system performance determines whether that system can be practically maintained. Issues that need to be addressed when designing easily maintained product systems include: downtime, tool availability, personnel skills, complexity of required procedures, potential for error, accessibility, and frequency of design-dictated maintenance. This is not an exhaustive list, but it identifies some key factors affecting maintenance, most of which are interrelated.
Durable products may also need repair to stay in extended service. Repairability is determined by the feasibility of replacing dysfunctional parts and returning a system to operating condition. Factors relating to downtime, complexity, and accessibility are as important in repair as they are in maintenance. Easily repaired products also rely on interchangeable and standard parts. Interchangeability usually applies to parts produced by one manufacturer, while standardization refers to compatible parts that conform to accepted design standards made by different manufacturers.112 Designs that feature unique dimensions for common parts can confound normal repair efforts; specialty parts usually require expanded inventories and extra training for repair people. In the burgeoning global marketplace, following proper standards enables practical repair.
Cost also determines repairability. If normal repair is too expensive, ~ractical repairability does not exist. Labor, which is diregly related to complexity and accessibility, is a key factor in repair; when labor is costly, only relatively high-value items will be-repaired.
As in maintenance, infrequent need, ease of intervention, and a high probability of success enhance repairability and translate directly into perceptions of higher quality. Finally, repairable designs need proper after-sale support. Manufacturers of repairable products should offer information about trouble-shooting, procedures for repair, tools required, and the expected useful life of components and parts. User decisions about when to retire rather than repair a product are complex and have significant environmental consequences.
Remanufacturing. Worn products can be restored to like-new condition through remanufacturing. In a factory, a retired product is first completely disassembled. Its usableparts are then cleaned, refurbished, and put into inventory. Finally, a new product is reassembled from both old and new parts, creating a unit equal in performance and expected life to the original or a currently available alternative. In contrast, a repaired or rebuilt product usually retains its identity, and only those parts that have failed or are badly worn are repIaced. 61 Industrial e4uipment or other expensive products not subject to rapid change are the best candidates for remanufacture. Typical remanufactured products include jet engines, buses, railcars, manufacturing equipment, and office furniture. Viable remanufacturing systems rely on the following factors: a sufficient population of old units (cores), an available trade-in network, low collection costs, and storage and inventory infrastructure. 02 In addition to these factors, no remanufacturing program can succeed without design actions that address ease of disassembly, allowing sufficient wear tolerances on critical parts, avoiding irreparable damage to parts during use, and ensuring interchangeability of parts and components in a product line..:
When properly pursued, remanufacturable designs can provide clear benefits. For example, one original equipment manufacturer of jet engines also remanufactures engines for customers at a cost of $900,000 plus trade-in, compared to $1.6 million for a new engine. Fuel efficiency in the remanufactured engine is 4% better than original specifications for that model of engine.62
Reuse. An item can still be used after it is retired from a clearly defined duty. Reusable products are returned to the same or less demanding service without major alterations, although they may undergo some minor processing, such as cleaning, between services.
The environmental profile of a reusable product does not always depend on the number of expected uses. If the major impacts occur in manufacturing and earlier stages, increasing the number of uses will reduce total environmental impacts. However, when most impacts are caused by cleaning or other steps between uses, increasing the number of duty cycles may have little effect on overall impacts.
Material Life Extension
Recycling is the reformation or reprocessing of a recovered material. The EPA defines recycling as the series of activities, including collection, separation, and processing, by which products or other materials are recovered or otherwise diverted from the solid waste stream for use in the form of raw materials in the manufacture of new products other than fuel.! 14 Many desigrrers, policy makers, and consumers believe recycling is the best solution to a wide range of environmental problems. Even though recycling does divert discarded material from landfills it also causes other impacts and so may not be the best way to minimize waste and conserve resources. Before designers focus on making products easier to recycle, they should understand several recycling basics such as types of recovered material, pathways, and the necessary infrastructure.
Types of Recycled Material. Material available for recycling falls into the following three classes: home scrap, preconsumer, and postconsumer. Home scrap consists of materials and byproducts generated and commonly recycled within an original manufacturiflg process.1~ Many materials and products contain home scrap that should not be advertised as recycled content. For example, mill broke (wet pulp and fibers) has historically been used as a pulp substitute in paper making rather than discarded, so it is misleading to consider it recycled content. Preconsumer material consists of ovemns, rejects, or scrap generated during any stage of production outside the original manufacturing process.ll4 It is generally clean, well-identified, and suitable for highquality recovery, and thus frequently recycled in many areas. In contrast, postconsumer material has served its intended use and been discarded before recovery. Unfortunately, in many cases postconsumer material has been a relatively low-quality source of input for future products.
Recycling Pathways. Development teams choosing recycling as an attractive way to meet requirements should be aware of the two major pathways recycled material can follow, as shown in Figure 5 . In closed-loop systems, recovered materials and products are suitable substitutes for virgin material. They are thus used to produce the same part or product again. Some waste is generated during each reprocessing, but in theory a closed-loop model can operate for an extended period of time without virgin material. Of course, energy, and in some cases process materials, are required for each recycling. Solvents and other industrial process .ingredients are the most common materials recycled in a closed loop. Postconsumer material is much more difficult to recycle in a closed loop, because it is often degraded or contaminated. Designs that anticipate closed-loopsrecycling of such waste may thus overstate the likely benefits. However, there can be successful programs that rely on 100 percent postconsumer material for new products. In one such program, ABS (acrylonitrile-butadiene-styrene) regrind. derived from scrapped telephone housings, was used to produce mounting panels for another product. 1 1 5 Open-loop recycling occurs when recovered material is recycled into product applications. Most postconsumer material is recycled in an open loop. The slight variation or unknown composition of such material usually causes it to be downgraded to less demanding uses. Some materials also enter a cascade openloop model in which they are degraded several times before final discard.
Znfrasrrucrure. Suitable programs must be in place or planned to ensure the success of any recycling system. Key considerations include: recycling programs and participation rates, collection and reprocessing capacity, quality of recovered material, and economics and markets.
Economic and market factors ultimately determine whether a material will be recycled. Markets for some secondary materials may be easily saturated. Recycling programs and high rates of participation address only collection; unless recovered material is actually used, no recycling has occurred. Take-back legislation in Germany for packaging illustrates the importance of anticipating the full range of recycling issues. Although the legislation includes reuse and other possible strategies,] '6 the main method of dealing with packaging items that manufacturers must take back is recycling. To date the privately financed "Green Dot" program for identifying packaging suitable for recycling has exceeded initial expectations. The quantity of material recovered has overwhelmed recyclers, forcing the German government to heavily subsidize use of the material.6s This difference between simple collection and intended use for recovered material may delay similar take-back ordinances aimed at automobiles and electronic equipment.
In addition, if a material is not one of the few now targeted for public collection, recovery could be difficult. It may not be possible to create a private collection and reprocessing system that competes with virgin materials. However, if demand for recovered material increases in the future, thistwill greatly aidcollection efforts.
Design Considerations. Under ideal circumstances, most materials would be recovered many times until they became too degraded for further use. Designing with recycling in mind is crucial if this goal is to be reached? Even so, design for recyclability is not the ultimate strategy for meeting all environmental requirements. As an example, refillable glass bottles use much less life cycle energy than single-use recycled glass to deliver the same amount of beverage.117
When suitable infrastructure appears to be in place, or the development team is capable of planning it, recycling can be greatly abetted by des'ign practices which consider recycling needw Features that enhance recycling include:
ease of disassembly material identification simplification and parts consolidation material selection and compatibility Products may have to be taken apart after retirement to allow recovery of materials for recycling. However, easy disassembly may conflict with other project needs. As an example, snap-fit latches and other joinings that speed assembly can severely impede disassembly. In some products, easy disassembly may also lead to theft of valuable components.
Material identification markings greatly aid manual separation and the use of optical scanners. Standard markings are most effective when they are well-placed and easy to read. Symbols have been designed by the Society of the Plastics Industry (SPI) for commodity plastics. The Society of Automotive Engineers (SAE) has developed markings for engineered plastics. Of course, marked material must still be valuable and easy to recover or it will not be recycled. In addition, labeling may not be useful in systems that rely on mechanical or chemical separation, although it can be a vital part of collection systems that target certain materials or rely on source separation.
Simplification and parts consolidation can also make products easier to recycle. As previously mentioned, this is an attractive strategy for many otherreasons. In many design projects, material selection has not been coordinated with environmental strategies. As a result, many designs contain a bewildering number of materials chosen for combined cost and performance attributes. There may be little chance of recovering material from such complex products unless they contain large components made of a single, practically recyclable material.
Even without separation, some mixtures of incompatible or specialty materials can be downcycled. At present, several means are available to form incompatible materials into composites. However, the resulting products, such as plastic lumber, may have limited appeal.
Designers can aid recycling by reducing the number of incompatible materials in a product. For example, acomponent containing parts composed of different materials could be designed with parts made from the same material. This strategy also applies within material types. Formulations of the same material might have such different properties that they are incompatible during recycling. Designers will usually have to make trade-offs when selecting only compatible materials for a product. Making singlematerial or compatible components may be possible in some cases but not in others.
Material Selection
Material selection, which is fundamental to design, offers many opportunities for reducing environmental impacts throughout a product life cycle. In life cycle design, material selection begins by identifying the nature and source of raw materials. Then environmental impacts caused by material acquisition, processing, use, and end-of-life product management are evaluated.
Finally, proposed materials are compared todetermine best choices.
When designing modest improvements of existing products or the next generation of a line, material choice may be constrained. Designers may also be restricted to certain materials by the need to use existing plant and equipment. This type of process limitation can even affect new product design. Substantial investment may then be needed before a new material can be used. On the other hand, material substitutions may fit current operations and actually reduce costs. In either case, material choice must meet all project requirements.
Reformulation is also an option when selecting materials. Most materials or products may be reformulated to reduce impacts, even when material Choice is constrained.
Substitution. Substitution is a strategy available for improvement of existing designs. The challenge with substitution is to reduce life cycle environmental impacts without compromising performance, cost, or other requirements. These material substitutions can address a wide range of issues, such as replacing rare tropical woods in furniture with native species.
Material substitutions can be made for product as well as process materials, such as solvents and catalysts. For example, water-based solvents orcoatings can sometimes be substituted for high-VOC alternatives during processing. On the other hand, materials that don't require coating, such as some metals and polymers, can be substituted i n the product itself. ~ Reforniularion. Reformulation is a less drastic alternative than substitution. I t is an appropriate strategy when a high degree of ~ continuity must be maintained w i t h the original product. Consumables and other products that must fit existing standards may limit design choices. Rather than entirely replace one material with another, designers can alter percentages to achieve the desired result. Some materials can also be added or deleted if characteristics of the original product are still preserved. Gasoline i s one product that has undergone many reformulations to reduce fugitive emissions as well as emissions from combustion. This reformulation i s further complicated because i t can reduce fuel economy or engine performance.
Efficient Distribution
Both transportation and packaging are required to transfer most goods between life cycle stages.
Transportation.
Choose an enet'gy-efficient mode 9 Reduce air pollutant emissions from transportation Maximize vehicle capacity where appropriate Backhaul materials Ensure. proper containment of hazardous materials Choose routes carefully to reduce potential exposure from
Trade-offs between various modes o f transportation are necessary. Time and cost considerations, as well as convenience and access, play a major role in choosing the best transportation.
When selecting a transportation system, designers should also consider infrastructure requirements and their potential impacts. Packaging: Only packaging generally used between the manufacturing, use, and retirement stages w i l l be discussed here. Packaging must contain and protect goods during transport and handling to prevent damage. Regardless of how well-designed an item might be, damage during distribution and handling may cause i t to be discarded before use. To avoid such waste, products and packaging should be designed to complement each other. The concurrent practices of life cycle design are particularly effective in reducing impacts from packaging. As a first step, products should be designed to withstand both shock and vibration. When cushioned packaging is required. members of the development team need to collaborate to ensure that cushioning does not amplify vibrations and thus damage critical parts.llx One of the most effective ways to meet life cycle design goals for packaging is packaging reduction. Adverse impacts associated with packaging can be lessened by distributing appropriate products unpackaged, reusing packaging, modifying products so they require less packaging, and using less material for packaging.
spills and explosions
Shipping items without packaging is the simplest approach to impact reduction. In the past, many consumer products such as 1 screwdrivers. fasteners, and other items were offered unpackaged.
~
They can still be hung on hooks or placed in bins that provide proper containment while allowing customeraccess. This method ~ of merchandising avoids unnecessary plastic wrapping, paper-' board, and composite materials. Wholesale packaging can also be , eliminated in many cases, such as when uncartoned furniture is I shipped with protective blankets that are returned after delivery.
Reusable packaging systems are also an attractive design option. Wholesale items that require packaging are commonly shipped in reusable containers such as tanks, wire baskets, wooden I shooks, and plastic boxes.
Necessary design elements for most reusable packaging systems, include: collection or return infrastructure; procedures for inspecting items for defects o r contamination; repair, cleaning, and refurbishing capabilities; and storage and handling systems. Unless such measures are in place or planned. packaging may be discarded rather than reused. Manufacturers and distributors cannot reuse packaging unless infrastructure is in place to collect, return, inspect, and restore packaging for another service.
One way producers can reduce these infrastructure needs is by offering their prbduct in bulk. Some system will still be required for reusable wholesale packaging, but it should be much less complex than that needed to handle consumer packaging. When products are sold in bulk, customers control all phases of reuse for their own packaging. Even so, waste generation and other environmental impacts are only reduced when customers reuse their container several times. Customers who use new packaging for each bulk purchase generally consume more packaging than customers who buy prepackaged products. This is particularly true of items distributed in single-use bulk packaging. 119 Product modification is another approach to pztckaging reduction. Sturdy products may require less packaging while also proving more robust in service. . Depending on the delivery system, some products can safely be shipped without packaging of any kind. Even when products require primary and secondary packaging to ensure their integrity during delivery, product modi- Reformulation is another type of product modification that j may reduce packaging needs for certain items, such as those ' containing ingredients in diluted form that can be distributed as concentrates. In some cases, customers can simply use concentrates in reduced quantities. while in others, a reusable container ~ can also be sold in conjunction with concentrates that allows : customers to dilute the product as appropriate.
Material reduction may also be pursued in packaging design. Many packaging designers have already managed to reduce material use while maintaining performance. Reduced thickness of corrugated containers (board grade reduction) provides one example. In addition, aluminum, glass, plastic, and steel containers have continually been redesigned to require less material for delivering the same volume of product.
A Life Cycle Design Demonstration Requirements
The matrix method of formulating requirements was recently applied to designing a business telephone in a demonstration project conducted between the authors and ATLkT.57 Radical departures from previous designs were not deemed feasible for this next generation product. Given this and other constraints, the project concentrated on a partial, consolidated life cycle consisting of manufacturing, use, and end-of-life management stages. Examples of some environmental and legal must and want design requirements formulated by the project team are listed in Tables  V and VI . These matrices resulted from seven "green product realization" team meetings attended by representatives from product line management, marketing, research design, product engineering, and environmental health and safety engineering. Tables V and VI contain some examples of the critical requirements relevant to this particular design and also certain considerations for the future.
The environmental requirements in Table V contain both elements defined in terms of results, and elements specifying how a desired result is to be achieved. Results-oriented requirements address quantitative corporate goals for reducing CFC emissions, toxic air emissions, process wastes, and paper consumption as well as increasing use of recycled paper. Other requirements specify mechanisms to facilitate partskomponents reuse and material recycling, especially of plastic housings.
Local, state, federal, and international regulations and standards provide a framework for the legal requirements outlined in Table VI . Legal requirements relevant to this design range from EPA regulations, FTC Guidelines, and Germany's Packaging Ordinance to International Standards Organization (ISO) marking codes for plastics and UL requirements. Such diversity in legal requirements for widely-sold products can be a barrier to realizing environmental improvements.
As an example of the conflicts that arise between requirements, one environmental want requirement for this project states that recycled materials be used for new products. However, a legal must requirement calls for housings of telephone equipment to comply with Underwriter Laboratories (UL) specifications UL 746, Standard for Polymeric Materials-Fabricated Parts. Recycled resins that meet the material testing and certification procedures required for this standard are not now available, either from internal recycling programs or commercial vendors. Even if this conflict did not exist, use of recycled materials for housings might still be impeded by other types of want requirements. In order to be marketable, a desk top product must also comply with perceived cultural requirements for flawless surface quality and perfectly matched colors. These attributes may not be possible to achieve with recycled materials because they have experienced additional heat cycles and typically contain at least trace amounts of contaminants.
Strategies Used in the Demonstration Project
This demonstration project also provides a practical example of applying several environmental strategies to satisfy requirements. Only a few strategies pertaining to a single product component, the housing, will be discussed here. Environmental requirements for the manufacturing stage state that material for the housing be recycled and recyclable, toxics eliminated, and waste reduced. End-of-life requirements state that the housing be reusable or at least recyclable.
Material recyclability and toxics reduction during manufacturing were achieved by using a thermoplastic resin with good recyclability (ABS -acrylonitrile-butadiene-styrene) that contained no stabilizers or colors formu- 
Accounting
Full Cost Accounting
A method of managerial cost accounting that allocates both direct and indirect environmental costs to a product, product line, process, service, or activity. Not everyone uses this term the same way. Some include only costs that affect the firm's bottom line, while others include the full range of costs throughout the life cycle, some of which do not have any indirect or direct effect on a firm's bottom line.
Life Cycle Costing
In the environmental field, this has come to mean all costs associated with a product system throughout its life cycle, from materials acquisition to disposal. Where possible, social costs are quantified; if this is not possible, they are addressed qualitatively.
costs from acquisition of a system to disposal. This does not usually incorporate costs further upstream than purchase.
Traditionally applied in military and engineering to mean estimating
Capital Budgetlnp
Total Cost Assessment Long-term, comprehensive financial analysis of the full range of internal (Le. private) costs and savings of an investment. This tool evaluates potential investments in terms of private costs, excluding social considerations. It does include contingent liability costs.
lated with heavy metals. The chosen resin also does not rely on polybrominated fire retardants, which are the subject of proposed bans in Europe. Manufacturing scrap was reduced by specifying a textured housing. A textured surface for external plastic parts, such as the housing, hides minor molding flaws better than a high-gloss, smooth surface, thus increasing molding yield and reducing waste from this process.
Other features were intended to ensure that at end-of-life, the housing can be turned into an uncontaminated and readily recyclable or reusable material by means of low-cost automatic processes. The design accomplished this by avoiding glue joints and incorporation of foreign material such as metal inserts, paints, and stick-on labels which cannot be practically separated from the base polymer.
In addition, AT&T has a network of reclamation and service centers which receives both leased phones and trade-ins for new purchases. Depending on their condition, the phones are either refurbished and sold or leased again, or scrapped and recycled. Because the ment, and improvement assessment components. At present, inventory analysis is the most established methodology of LCA. For an inventory analysis, material and energy inputs and outputs for the product system are identified and quantified. 35 Impact assessment, which is still underdevelopment, applies quantitative and qualitative techniques to characterize and assess the environmental effects associated with inventory items. Impacts are usually classified as resource depletion, human health and safety effects, ecological degradation, and other social welfare effects relating to environmental disturbances. Improvement analysis uses life cycle inventory and/or impact assessment methods to identify opportunities for reducing environmental burdens. Other efforts have also focused on developing streamlined tools that are not as rigorous as LCA (e.g., Canadian Standards Association).
In principle LCA represents the most accurate tool for design evaluation in LCD and DFE. Many methodological problems, however, currently plague LCA, thus limiting its applicability to design. 45 Costs to conduct an LCA can be prohibitive, especially to small firms, and time requirements may not be compatible with short development cycles.6y. 12) Although significant progress has been made towards standardizing life cycle inventory analysis,jd.
3 5 .~1 . 120 .121 results can still vary significantly.l24.125 Such discrepancies can be attributed to differences in system boundaries, rules for allocation of inputs and outputs between product systems, and
Economic Instruments
Raw material extraction and processing
Regulate mining, oil, and gas nonhazardous solid wastes under the Resource Conservation and Recovery Act (RCRA). Establish depletion quotas on extraction and import of virgin material.
Eliminate special tax treatment for extraction of virgin materials, and subsidies for agriculture. Tax the production of virgin material.
Manufacturing
Tighten Incommensurable data presents another major challenge to LCA and other environmental analysis tools. The problem of evaluating environmental data remains inherently complicated when data is in such different measuring units as kilojoules, cancer risks. or kilograms of solid waste. Furthermore, different conversion models for translating inventory items into impacts are required for each impact, and these models vary widely in complexity and uncertainty. For example. risk assessment and fate and transport models, are required to evaluate human and ecosystem health effects associated with toxic emissions. Model sophistication dictates whether additional data beyond inventory results will be needed for proper evaluation. Simplifying approaches for impact assessment, such as the "critical volume or mass" method have fundamental limitations.12: These general models are usually much less accurate than more elaborate site-specific assessment models. but full assessment based on site-specific models is not presently feasible. Other simple conversion models, such as those translating emissions of various gases into a single number estimating global warming potential or ozone depleting potential,z,. 126 are available for assessing global impacts.
Integration of LCA and Design. LCA and more streamlined approaches can potentially be applied in needs analysis, requirements specification, and evaluation of conceptual through detailed design phases. Although numerous life cycle inventories have been conducted for a variety of products.IZ' only a small fraction have been used for product development. Proctor and Gamble is one company that has used life cycle inventory studies to guide environmental improvement for several products.I27 One of their case studies on hard surface cleaners revealed that heating water resulted in a significant percentage of total energy use and air emissions related to cleaning128 Based on this information, opportunities for reducing impacts were identified which include designing cold water and no-rinse formulas or educating consumers to use cold water.
The Product Ecology Project represents another example where life cycle inventory and a valuation procedure are used to support product development.lZy For this project, the Environmental Priority Strategies in product design (the EPS system) evaluates the environmental impact of design alternatives with a single metric based on environmental load units. An inventory is conducted using the LCA Inventory Tool developed by Chalmers Industriteknik and valuation is based on a willingness-to-pay model, which accounts for biodiversity, human health, production, resources, and aesthetic values. This system enables the designer to easily compare alternatives, but the reliability of the outcome will be heavily dependent on the valuation procedure.
Several LCA software tools and computerized databases may make it easier to apply LCA in design. Examples of early attempts in this area include: SimPro, developed by the Centre of Environmental Science (CML), Leiden University, Netherlands; LCA inventory tool, developed by Chalmers Industriteknik in Goteborg, Sweden; and PIA, developed by the Institute for Applied Environmental Economics (TME) in The Hague, Netherlands [available from the Dutch Ministry for Environment and Informatics (BMI)]. These tools can shorten analysis time when exploring design alternatives, particularly in simulation studies, but data availability andqualityare still limiting. In addition to these tools, ageneral guide to LCA for European businesses has been compiled which provides background and a list of sources for further information. l~
Other Design Evaluation Approaches
Environmental Indicators. In contrast to a comprehensive life catorscan be used toevaluate design alternatives. Navin-Chandralli introduced the following set of environmental indicators: percent recycled. degradability, life, junk value, separability. life cycle cost, potential recyclability, possible recyclability, useful life and utilization, total and net emissions, and total hazardous fugitives. Many of these indicators can be calculated relatively easily: the last two, however, require life cycle inventory data to compute.
Watanabe 13: proposes a Resource Productivity measure for evaluating "industrial performance compatible with environmental preservation." The resource productivity is defined as:
(Economic value added) x (Product Lifetime) (Material consumed-recycled) + (Energy consumed for production, recycling) + (Lifetime energy used) where the individual terms in the denominator are expressed in monetary units. Longer product life, higher material recycle, and less material and energy consumption all contribute to a higher resource productivity. Watanabe has applied this metric in evaluating three rechargeable battery alternatives. While resource productivity incorporates many environmental concerns, it is not comprehensive because costs associated with toxic emissions and human and ecosystem health are ignored. In addition, the value added component of the numerator includes other factors besides environmental considerations. Despite these limitations, this metric is relatively simple to evaluate and accounts for resource depletion, which correlates with many other environmental impacts.
Matrix Approaches. DFE methods developed by Allenby49 55 use a semi-quantitative matrix approach for evaluating life cycle environmental impacts. A graphic scoring system weighs environmental effects based on available quantitative information for each life cycle stage. In addition to an environmental matrix and toxicology/exposure matrix, manufacturing and social/political matrices are used to address both technical and non-technical aspects of design alternatives.
Dow Chemical Company has also developed a matrix tool for assessing environmental issues across major life cycle stages of the product system. Opportunities and vulnerab sessed for core environmental issues, including safety, human health, residual substances, ozone depletion, air quality, climate change, resource depletion, soil contamination, waste accumulation, and water contamination. Corporate resource commitments may then be changed to more closely match the assessed opportunities and vulnerabilities.
Computer Tools. ReStar is adesign analysis tool forevaluating recovery operations such as recycling and disassembly.133 A computer algorithm determines an optimal recovery plan based on tradeoffs between recovery costs and the value of secondary materials or pans.
Cost Analysis
Cost analysis for product development is often the most influential tool guiding decision-making. Life cycle costs can be analyzed from the perspective of three stakeholder groups: manufacturers or producers, consumers, and society at large. Table VI1 shows definitions for some accounting and capital budgeting terms relevant to LCD.
For life cycle design to be effective, environmental costs need to be allocated accurately to product centers. Environmental costs are commonly treated as overhead. Methods such as activity based costing (ABC) may be useful in properly assigning product costs in many situations, resulting in improved decision making. 134 . 1.1s Properly allocating environmental costs can be one of the most powerful motivators for addressing environmental issues l cycle assessment, environmental performance parameters or indiin design.
Unfortunately, because the current market system does not fully reflect environmental costs, prices for goods and services do not reflect total costs or benefits. For this reason, a design that minimizes environmental burden may appear less attractive than an environmentally inferior alternative. The most important element of unrealized costs in design are externalities, such as those resulting from pollution, which are borne by outside parties (society) not involved in the original transaction (between manufacturers and customers). For example. pollution costs to society are difficult to properly address within a company if the pollution is emitted within permissible limits. Corporations choosing to reduce these emissions and internalize the associated costs can find themselves at a competitive disadvantage unless their competitors do so as well.lir Methods for evaluating and internalizing externalities are also limited. Despite these problems, manufacturers can benefit from pursuing design initiativts which produce tangible costs reductions through material conservation, reduction in waste management costs, and reduced liability costs.
Anumber of resourcesare available to identify full environmental c0sts.l". 137 In the EPA Pollution Prevention Benefits Manual, costs are divided into four categories: usual costs, hidden regulatory costs, liability costs, and less tangible costs. Usual costs are the standard capital and operating expenses and revenues for the product system, while hidden costs represent environmental costs related to regulation (e.g., permitting, reporting, monitoring). Costs due to noncompliance and future liabilities for forced cleanup, personal injury, and property damage as well as intangible costshnefits such as effects on corporate image are difficult to estimate.
From a consumer's perspective, life cycle costing is a useful tool aiding in product selection decisions. In traditional use, life cycle costs consist of the initial purchase price plus operating costs for consumables, such as fuel or electricity, and servicing not covered under warranty as well as possible disposal costs. 138 Providing estimates of life cycle cost can be a useful marketing strategy for environmentally sound products. The most comprehensive definition of life cycle costs is the sum of all internal and external costs associated with a product system throughout its entire life cycle.lm. 139 At present, government regulation and related economic policy instruments appear to be the only effective methods of addressing environmental costs to society.
Future Directions Government Policy
Government plays an important role in promoting life cycle design through both regulatory and voluntary programs. The US Congress Office of Technology Assessment (OTA) recently conducted a thorough study of policy options for-promoting green product design. 140 Although existing market incentives and environmental regulations have been somewhat effective in promoting sustainable practices, OTA concluded that Congress can foster further progress in this area by supporting: research, information for consumers, policies that internalize environmental costs, and coordinating and harmonizing various programs. Table   VI11 outlines regulatory and market-based incentives to internalize environmental costs associated with a product system.
Clearly the greatest role government plays is in establishing regulations for environmental protection. The media-specific regulatory framework formerly practiced by the US EPA was effective in driving environmental impact reduction, but the agency's recent pollution prevention strategy141 improves on past practice by adopting a multimedia approach to environmental protection which acknowledges the life cycle framework. The proactive and systems-oriented characteristics of pollution prevention are particularly relevant to life cycle design. Design itself can be viewed as the most proactive, direct action one can take to achieve pollution prevention.
It remains to be seen whether regulations can be rewritten to promote the LCD approach for reducing environmental burdens. One effort in this direction by EPA is the Source Reduction Review Project (SSRP). This program evaluates how the formulation and implementation of new regulations can be made consistent with preserving source reduction opportunities. At present, I7 industrial categories including pulp and paper production, metal products and machinery, degreasing operations, and polystyrene production are targeted by SSRP.
The government also has a major responsibility in supporting research to develop and coordinate the environmental databases necessary for LCD. The lack of environmental data is currently a major limitation for decision makers in product development. In addition, corporations which must already meet a variety of government reporting requirements could modify and expand their information gathering to serve both internal decision-making needs, and the needs of outside stakeholders. With such an expanded system, perhaps encouraged by government support, an environmental profile (energy use, resource inputs, and wastes produced) of product systems at each life cycle stage would be publicly available. However, proprietary information would have to be protected. In the US Congress, Representative Brown of California recently proposed the Environmental Technologies Act (H.R. 3603) for funding to support further research in LCA.
Other countries are pursuing a variety of strategies to promote LCD. In Germany, the Packaging Ordinance, several ecolabeling programs, and various proposed waste ordinances promote extended producer responsibility and thus encourage impact reductions. In the Netherlands, the UNEP-Cleaner Production Programme recently established a new working group on Sustainable Product Development. The Secretariat of the group is based at the Interfaculty Department of Environmental Science at the University of Amsterdam.
Education
Education can be one of the most effective means of promoting sustainable development and life cycle design. However, industry programs for environmental design are frequently far ahead of their academic counterparts. In general, engineering and industrial design curricula at the university level are not yet emphasizing pollution prevention or focusing on integrating environmental issues into design. Many faculty are still in the command and control mode of teaching environmental protection. For this reason, new curriculum topics must compete with establishedsubjects which are less effective in conveying the type of background essential to LCD. Faculty in engineering, business, and industrial design need to treat environmental issues as an important element of their design and management courses. Until agreaternumberoffacultyandadministratorsrecognize the value of such innovative topics, teaching in this area will only occur sporadically.
Despite this lack of attention, efforts to introduce environmental aspects into design education do exist. Programs at the Rhode Island School of Design, UCLA, Carnegie Mellon, the University of Michigan, Grand Valley State University (Michigan), and the University of the Arts in Philadelphia have begun to develop some educational resources. UCLA produced an engineering problem set that incorporates LCA and pollution prevention into calculations illustrating a variety of engineering principles.14. Class exercises illustrating a design for recyclability strategy were produced at Grand Valley State143 while the.National Pollution Prevention Center (NPPC) at the University of Michigan developed a refrigeration design case for chemical and mechanical engineering students which explores the use of non-CFC refrigerants and strategies to meet DOE energy efficiency requirements144
Professional education courses are also being developed to train engineers, designers, and other product development participants about LCD/DFE at the NPPC, the University of Wisconsin, and the IEEE ( Institute of Electrical and Electronics Engineers) annual lntemational Symposium on Electronics and the Environment.
Industry
Industry is responsible for implementing the designs which will lead to a sustainable economy. Beyond responding to customer demands, industry can also play an important role in fostering sustainable development by creating innovative, environmentally responsible designs. Many corporations recognize the product life cycle as a useful framework for addressing environmental issues in product development. Although this framework is recognized, corporations are just now attempting to translate corporate goals and policies into life cycle design programs. In order to implement life cycle design, corporations need to provide proper training to their employees in life cycle principles, use internal and external resources that support LCD more effectively, and establish better environmental performance metrics for evaluating their products. In addition, companies should work to make environmental data as readily available to development teams as cost and performance data, which can be a primary role of environmental health and safety professionals.
Many new products represent significant reductions in environmental impacts. Whirlpool's recent don-CFC, energy efficient refrigerator design demonstrates how market incentives and regulations can promote environmental design improvements. This design won the $30 million award offered by a consortium of utility companies, while also using 25% less energy than mandated by the Federal Energy Standard and eliminating use of ozone-destroying CFCs.
In general, however, environmental improvements have been incrementally focused on one or two elements of the product system or limited life cycle stages, rather than the full product life cycle system. Designers are thus not yet pursuing innovative life cycle strategies that represent a more direct pathway towards sustainable development. The challenge for industry is to take a leadership role by adopting a broader systems approach. This will require full collaboration with partners from government, environmental groups, and academia.
Conclusion
Our present rates and patterns of resource consumption and the corresponding waste generation and dispersion of pollutants are unsustainable. Achieving a sustainable economy for a rapidly expanding world population of over 5 billion demands fundamental and dramatic changes for both the industrialized world and developing countries. Although the public, industry, and government generally recognize this need, the response has nct always been well focused. Green design and related concepts have been proposedas one possible meansof achieving asustainable economy, even though they often lack clear definitions of system boundaries, goals and objectives, principles, and environmental metrics.
Life cycle design and related approaches are being developed to establish a more coherent means of integrating environmental issues into product development. Life cycle design and Design for Environment are generally indistinguishable; although they originated from different points, they are converging LO the same set of goals and principles. For both, the product life cycle serves as the unifying system that links economic activities and societal needs with their full ecological consequences. This life cycle design framework is the most logical way to prevent shifting adverse impacts between media (air, water, land) and life cycle stages. Concurrent design of product system components (product, process, distribution, and information/management) is also an important principle of both LCD and DFE.
At present, implementing the life cycle design framework requires significant organizational and operational changes in business. Each product system is highly interconnected to other product systems, forming a complex web which is often difficult to disentangle for a product development team.
In order to effectively promote the goals of sustainable development, life cycle designs must successfully address cost, performance, cultural and legal factors. Environmental objectives clearly cannot be pursued in isolation from these other factors. Strategies for reducing a product system's environmental burden, presented in Table IV , are generally well known to designers. The ultimate challenge in life cycle design is to choose the best strategies and synthesize them into designs that satisfy the full spectrum of requirements. Technology and thermodynamics constrain design capabilities, but societal values strongly influence product acceptance. Design changes for fostering sustainable development may thus have to be accompanied by changes in behavior.
Individually and collectively, designers and other participants in product development shape the environmental profile for a product system,. Access to reliable environmental data may be considered the greatest internal need for those implementing life cycle design. Participants must have access to the same quality of information regarding environmental impacts that they have for cost and performance evaluations.
Once this information is available, the development team then requires metrics for evaluating environmental impacts associated with the product system. At present, simple tools for determining environmental profiles give an incomplete picture, while more elaborate tools such as LCA are still under development and have many practical limitations in design. In addition, because incommensurable data is a fundamental problem in environmental evaluation, it will always be necessary to make value judgments regarding dissimilar environmental impacts. Design analysis is further complicated when environmental criteria are compared with cost, performance and other factors. Although designers routinely make difficult choices, environmental analysis of life cycle issues adds another layer of complexity to a process that is already under significant time and cost pressures. Despite these limitations, designs that enhance resource efficiency, neduce liabilities associated with residuals and other environmental burdens, and achieve competitiveness are obviously beneficial.
In addition to these internal factors, external forces play a critical role in determining whether life cycle design goals for achieving sustainable development can be met. The complexity of interrelationships between internal and external factors in life cycle design was shown in Figure 7 . A corporation's environmental management system must be responsive to external factors influencing design such as government regulations, market forces, infrastructure, and state of the environment, as well as scientific understanding and public perception of risks. Current regulations and economic instruments are not optimal for supporting life cycle design. The federal government is just beginning to recognize the need for regulations and policies that promote sustainable development, but changing to a more sustainable system will be difficult. New policies and practices may have to be phased in to minimize economic dislocations. If a more sustainable economic system can be realized, interdisciplinary participation will then be the key to developing product systems that reflect multistakeholder (suppliers, manufacturers, consumers, resource recovery and waste managers, public, regulators) needs.
Life cycle design can be treated as an optimization problem to maximize value-added activities (i.e,, satisfying basic societal needs) while minimizing resource consumption and waste dispersion activities. Designers play a major role in defining and solving design problems, but designers alone cannot meet the life cycle design goal of harmonizing economic and ecological processes. Such a fundamental change in direction requires the full participation of all members of society. Watanabe 
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